ABSTRACT. The distribution of basal actin bundles and cytokeratin intermediate filaments in the rabbit kidney was examined along isolated renal tubules by con focal laser microscopy. Per fusion of collagenase and subsequent manipulation of kidney tissues yielded well preserved renal tubules free of connective tissue components often extending from glomeruli to collecting tubules. Such isolated renal tubules were fluorescently stained with phalloidin and with anti-cytokeratin antibody and then observed as whole-mount preparations by con focal laser microscopy. Epithelial cells of Bowman'scapsules showedconspicuous actin bundles which were arranged parallel to each other in individual cells. In proximal ducts, thick actin bundles were seen running in the basal regions of epithelial cells perpendicular to the tubule axis. Basal actin bundles in proximal tubules appeared to be somewhat thinner and run more irregularly in more distal parts of the tubule. Thin limbs of Henle's loop showed bright but very short rod or dot-like stainings of actin, while in thick limbs, there were thick and short actin bundles. In distal tubules basal actin bundles wre somewhat longer than those in thick limbs of Henle's loop. In the collecting ducts in the renal cortex, a few short actin bundles as well as dotty or patchy stainings were shown in the basal region. In both whole-mount preparations and cryostat sections, cytokeratin immunoreactivities were almost exclusively detected in epithelial cells of Henle's loops and collecting ducts but poorly in proximal and distal tubules. Epithelial cells of Henle's loops showed dense networks of cytokeratin immunoreactivities throughout the cytoplasm, whereas cell boundaries were immunostainedin collecting ducts. The actin and cytokerating distribution in such isolated renal tubules was confirmed by immunofluorescence of cryostat sections and by thin-section electron microscopy. The observations that actin and intermediate filaments varied in distribution in different segments of renal tubules are interesting in view of the segmental differentiation of renal tubule functions.
stress fibers. The stress fiber is characterized by a parallel bundle of actin filaments with their bidirectional polarities, by codistribution of myosin, a-actinin and some other actin-binding proteins along its course, by anchorage on the plasma membrane, and by occurrence as a stationary structure within a limited time (5, 8, 14) . In the stress fiber, various contractile proteins are often organized into repeated units, comparable to the sarcomeres in striated muscle myofibrils (31) . Based on such criteria, stress fibers are also identified in various tissue cells (9, 27, 30, 33, 34, 39) .
In the kidney, epithelial cells in proximal tubule possess prominent bundles of micro filament at the basal region (16, 25) . Those micro filaments were identified as actin bundles (28, 29, 36) by the heavy meromyosin decoration method (15) . The localization of actin in the kidney was also demonstrated by staining cryostat sections with fluorescentlylabeled phallotoxin (1). More recently, actin bundles in rat proximal tubules have been identified as stress fibers (23). The expression of intermediate filament proteins, another major component of the cytoskeleton, has been immunohistochemically detectedinthe kidney (12, 13, 17, 21, 26, 37, 38, 40) , but that in epithelial cells of renal tubules has not drawn muchattention. Moreover, the variation of the distribution patterns of actin and intermediate filaments in different segments of renal tubules, if any, has not been well documented.
In the present study, we tried to isolate full-length renal tubules from the rabbit kidney for con focal laser microscopy combined with whole-mount preparations.
With this approach, we successfully documented the overall distribution of actin and intermediate filaments * To whomcorrespondence should be addressed.
Tel: in three dimensions while clearly identifying each segment of the renal tubules.
MATERIALS AND METHOD
Isolation of Renal Tubules White rabbits (Japanese strain) weighing around 1.8 kg were used in this study. The animal was anesthetized with sodium pentobarbital and the left kidney was per fused with 100 ml of a solution (pH 7.2) consisting of 0.5 mMEGTA, 0.137 M NaCl, 5.4mM KC1, 0.5 mMNaH2PO4, 0.42mM Na2HPO4, 1 mMN-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 1 mMNaHCO3, and 5 mMglucose, and subsequently with an enzyme solution (pH 7.5) consisting of 0.05% collagenase type IV (Sigma, St. Louis, MOUSA), 0.005% trypsin inhibitor (Sigma), 0.137 M NaCl, 5.4 mMKC1, 5 mM CaCl2, 0.5 mMNaH2PO4, 0.42 mMNa2HPO4, and 0.42 mM NaHCO3.The solution was warmed to 37°C before per fusion (32). The kidney was excised just after per fusion, immersed in ice-cold Dulbecco's modified phosphate buffer saline (PBS), and carefully dissected to isolate renal tubules under a dissection microscopy. Such isolated tubules were washed in PBS and processed for microscopy.
Isolation of Bowman'sCapsules Bowman'scapsules were isolated according to the method of Murakami and Ishikawa (23) . In brief, the left kidneys of rabbits anesthetized and sacrificed by cervical bleeding were excised and immersedin ice-cold PBS. The renal cortex was cut into small pieces, gently homogenized by a teflon homogenizer, and then centrifuged to obtain tissue fragments including Bowman'scapsules.
Fluorescence Staining
Isolated renal tubules and Bowman'scapsules were fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature, incubated with \% Triton X-100 in PBS for 10 min, and then washed with PBS. For actin filaments, such fixed samples were stained with 0.17 mg/ml FITC-conjugated phalloidin (Sigma). For intermediate filaments, the samples were blocked with \Q% normal goat serum (Biosource, Camarillo, CAUSA)for 30 min at room temperature and treated overnight at 4°Cwith mousemonoclonal anti-cytokeratin cocktail (MAK-6, Zymed Laboratories Inc., South San Francisco, CA USA) diluted to 1 :50 with \% bovine serum albumin in PBS. The specimens were washed three times with PBSfor 15 min each, treated with FITC-or Texas red-labeled goat antimouse IgG (E-Y Laboratories, San Mateo, CA USA) for 2 hr, and ride (DAB) (Wako, Osaka, Japan).
RESULTS

Distribution of Actin in Isolated Renal Tubules
In an effort to isolate renal tubules for con focal microscopy of whole-mount preparations, we successfully applied collagenase digestion and microdissection to produce full-length tubules free of connective tissue components, not affecting the overall ultrastructural integrity of epithelial cells of the renal tubules as confirmed by thin-section electron microscopy ( Fig. 1 ). In such isolated preparations, each segment of the tubule could be easily identified based on the distance from the glomerulus, the size of tubules, and the positional relationship between neighboring segments. The identification of renal segments was further confirmed by phalloidin staining, hematoxyline-eosin staining and Na+-K+ ATPase histochemistry in consecutive cryostat sections made from the same isolated tubules. Wescanned favorable preparations of full-length renal tubules stained with FITC-phalloidin starting from the glomerulus to the collecting tubule with a con focal laser microscope to make montage images ( Fig. 2 ). Reconstructed through-focus images were made from scanned sections of the basal part of the tubule to reveal the basal actin bundles eliminating fluorescent staining in other parts of the cells, especially brush borders. The staining pattern of actin filaments varied in different segments of the tubule. Epithelial cells of Bowman'scapsule showedconspicuous actin bundles in their flattened cytoplasm (Fig. 3) . Actin bundles were long and thick and arranged parallel to each other or in a fan-like fashion. Some bundles appeared to have branchings to form a V-or Y-shape. It was estimated that individual cells have about 10 bundles, and that the length and width of bundles are 15.74 /mi and 1.06 fim in average, respectively. The direction of actin bundles in a cell appeared to be unrelated to that in neighboring cells, and the actin bundles rarely extended to the cellto-cell junctions to show continuous staining to the next cell.
The proximal tubule was characterized by bright phalloidin staining in basal actin bundles as well as at the brush border. Such basal actin bundles ran perpendicular to the tubule axis as previously described (23) (Fig.  4A, B) . Basal actin bundles in the proximal tubule up to the Henle's loop appeared to be somewhat thinner and run more irregularly in more distal parts of the tubule. The average length and width of actin bundles were 2.83^m and 0.49 fjtm in the proximal part of the proximal tubule, and 2.12 fjtm and 0.29 fjtm in the distal part, respectively.
The thin limb of Henle's loop showed bright but very short rod or dot-like stainings, most of which were less than 0.98 fim in length (Fig. 4C ). In the basal part of the thick limb, there were thick and short actin bundles (mean values; 0.90 ftm in length, 0.60 ftm in width) in a background of dot-like, patchy or reticular patterns of staining (Fig. 4D) . In serial optical sections, many of the dot-like or patchy stainings in Henle's loop appeared to be continuous with those in the next sections (Fig. 4E) . The length and width of actin bundles were 1.21 ptm and 0.53 ptm on average, respectively. Manyof the bundles ran nearly perpendicular to the tubule axis. There were dense networks of actin bundles in the basal region of the macula densa (usually situated in the final segments of the thick limb of Henle's loop in the rabbit kidney). The basal part of cell and lateral surface were also positive in phalloidin staining (Fig. 5) .
In the collecting ducts in the renal cortex, there were a few short actin bundles as well as dotty or patchy stainings in the basal region (mean values: 1.71 fjtm in length, 0.79 fjtva in width). The direction of actin bundles appeared to be random as in Henle's loops (Fig. 4F) .
The relative values of the meanfluorescence intensity Distribution of Actin in Interstitial Cells To answer the question if the observed difference in actin distribution in epithelial cells of the renal tubules may be related to other components, especially the interstitial connective tissue, cryostat sections were stained with fluorescent phalloidin for con focal microscopy. The observation showedthat in the renal medulla interstitial cells around collecting ducts had well-developed actin bundles which ran perpendicular to the tubule axis Fig. 7 . Con focal micrograph of a collecting duct in a cryostat section stained with FITC-phalloidin. Serial optical sections of 4 fxm thick were made longitudinal to the tubule. Actin staining is seen along the cell surface and boundary (small arrows) in collecting duct epithelial cells. Interstitial cells around the collecting duct show prominent actin bundles running perpendicular to the tubule axis (large arrows). Asterisk, lumen. Bar, 50 fim. (Fig. 7) . The collecting ducts themselves contained muchfewer actin bundles at the basal regions of the epithelial cells. Interestingly, there were few, if any, interstitial cells in the renal cortex and actin bundles in those cells showedno regular arrangement (data not shown).
Distribution of Cytokeratin in Isolated Renal Tubules
Isolated segments of renal tubules were stained with anti-cytokeratin antibody and examined by con focal laser microscopy. Henle's loops, particularly their thin limbs, and the medullar part of collecting ducts showed strong immunoreactivities, while Bowman's capsules and the proximal and the distal tubules had faint reactivities (Fig. 8A) . Similar results were obtained from anticytokeratin staining of cryostat sections. The spotty staining in the proximal tubule was also found in negative controls without the primary antibody, suggesting that this may represent a cross-reactivity of the secondary antibody with the intrinsic immunoglobulins engulfed in the cytoplasm. In Henle's loops, reticular staining patterns which were particularly strong along the tubular lumen (Fig.   8B ). Thin-section electron microscopy showed networks of intermediate filaments in the epithelial cells of the Henle's loop (Fig. 9) . The collecting ducts in the renal medulla also showed reticular staining patterns throughout the cytoplasm but these patterns were remarkably stronger along the cell boundary (Fig. 8C) . The collecting ducts in the renal cortex showed only faint immunoreactivities.
Likewise, immunoblotting for cytokeratin showed a thick band of 45 kDa in samples from the renal medulla and a faint band in those from the superficial part of the renal cortex (Fig. 10) . 
DISCUSSION
Manystudies have documented the distribution of cytoskeletal components in Bowman'scapsules and renal tubules by electron microscopy (16, 25, 28, 29, 36), immunohistochemistry (12, 13, 17, 21, 26, 37, 38, 40) , and flurorescence microscopy (1 , 23). However, the observations have been limited to certain segments of the nephron leaving overall distributions undefined. In the present study, we have taken advantage of con focal laser microscopy combined with whole-mount preparations of isolated renal tubules to successfully reveal the overall distribution of actin and intermediate filaments in well identified segments. For this purpose, we employed the digestion method to the rabbit kidney tissue followed by microscopic manipulation to isolate continuous renal tubules.
The isolation procedure used allowed us to we used preserve relatively well the overall ultrastructural integrity of epithelial cells of the renal tubules. The enzyme solution was widely used as Seglen's solution for hepatocyte primary culture. Wetested another enzyme solution (collagenase in Hank's solution), but the ultrastructural integrity of epithelial cells was not better preserved than that with Seglen's enzymesolution.
The distribution pattern of actin and cytokeratin intermediate filaments varied in different segments of renal tubules. The distribution pattern of actin filaments in certain renal tubules were consistent with previouslyreported findings (1, 16, 23, 25, 28, 29, 36) . In our study, the intermediate filaments were not shown to be present in Bowman's capsule, proximal tubule and distal tubule, where cytokeratin was positively stained in previous investigations (26). This discrepancy may be at- tributed to different antibodies used or to the species difference of animals examined.
Such variations maybe related to the functional differences of segments of renal tubules. Hence, it is interesting to correlate the distribution pattern of actin and intermediate filaments to morphological and physiological conditions of different segments of renal tubules. In the present study, the areas of con focal images of fluorescently stained actin bundles were measuredas a con- In proximal tubules, actin filaments are arranged into bundles running at right angle to the tubule axis and attaching to the basal plasma membrane with both their ends to form stress fibers (23). Such basal actin bundles mayserve to reinforce the attachment of cells to the extracellular matrix rather than to actively constrict the tubules.
Basal actin bundles in the proximal tubule were thinner and shorter in more distal segments. It is well known that water and sodium chloride in urine are most effectively reabsorbed in proximal tubules (20). As urine passes along the tubules, water is absorbed and the volume of flux and the hydraulic pressure decrease gradually. Indeed, the hydraulic pressure in the rat kidney that averages 12.5+2.2 mmHgin proximal tubules may be as low as 6.1±1.6mmHg in distal tubules (10, ll). Likewise, micropuncture studies with cats showed that the capillary pressure in glomeruli was 62.6+ 1.4 mmHgand the hydraulic pressure in proximal tubules was 19.8± 1.1 mmHg(4). It seems that the development of actin bundles is proportional to the hydraulic pressure in the tubule lumen. Since the renal segment with most complex basal infoldings is the proximal tubule, such ultrastructural specializations seem to be maintained against high hydraulic pressure by developed basal actin bundles.
In Henle's loops, basal actin bundles were thin and short, while cytokeratin staining is conspicuously strong. As compared to the proximal tubules, the caliber of Henle's loops is much smaller such that the flow rate is muchfaster and the lateral pressure exerted on the epithelium may be higher. On the other hand, the shear stress is inversely proportional with 3 involutions to the radius in the tubule lumen (2, 6, 7, 18, 22) . Such physical characteristics may reflect the observed distribution pattern of cytoskeletal components, though their correlation is difficult. It is also conceivable that abundant cytokeratin filaments seemto compensatefor poorly developed actin bundles in Henle's loops. In collecting ducts, basal actin bundles were poorly developedas comparedto other segments of renal tubules. As 98%of the water of the original glomerular filtrate is absorbed before reaching the collecting ducts (35) , the hydraulic pressure and shear stress to collecting duct cells are considered to be very low. It is interesting to note that epithelial cells of the collecting duct appear to be well contoured with cuboidal cell shape without elaborate interdigitation of the apposed lateral cell membranes. Moreover, both actin and cytokeratin filaments were distributed along the cell boundary. This suggests that actin and cytokeratin filaments may func-tion to maintain the cell shape by reinforcing clel junctions and boundaries. Interestingly, actin bundles were rich in interstitial cells around or between collecting ducts in the renal medulla but not so conspicuous in the cortex. Bundles of actin filaments in the interstitial cells have been observed by thin-section electron microscopy (3, 24). The present study has clearly demonstrated the overall distribution of actin bundles in interstitial cells. Such limited distribution of actin filaments prompts us to speculate that they mayreinforce the structural integrity of collecting ducts from outside. Thus, the basal actin bundles and cytokeratin filaments may be formed to accommodate renal tubules to their local physiological conditions.
